This study examines future projections of sea level pressure change in the North Pacific and 19 its impact on winter precipitation changes in California. The multi-model analysis, based on the 20 Coupled Model Inter-comparison Project phase 5 (CMIP5) models under the Representative 21 Concentration Pathway 8.5 (RCP8.5) scenario, shows a robust sea-level pressure change in the 22 late 21 st century over the western North Pacific in which both the Aleutian Low and North 23 Pacific Subtropical High (NPSH) shift poleward in concert with a widening of the Hadley Cell. 24 This change is largely explained by a systematic increase of static stability in the subtropics. 25 However, over the eastern North Pacific, the projected NPSH changes exhibit a substantial inter-26 model spread, resulting in uncertain projections of precipitation changes in California. This inter-27 model spread is associated with a Pacific Decadal Oscillation-like surface temperature change 28 over the western North Pacific and the resulting meridional temperature gradient change. This 29 result suggests that a better prediction of wintertime precipitation changes over the West Coast of 30 North America in future climates may need a reduced uncertainty of atmosphere-ocean coupling 31 in the western North Pacific. 32 33 34 3 1. Introduction 35 Projected changes in regional and global precipitation in a warming climate have been 36 extensively documented in the literature because of their socio-economic importance (e.g., Held 37 and Soden 2006; Meehl et al. 2007). Based on both Coupled Model Inter-comparison Project 38 phases 3 and 5 (CMIP3 and CMIP5) model simulations, the Fifth Assessment Report (AR5) of 39 the Intergovernmental Panel on Climate Change (IPCC) recently reported that the hydrological 40
6 mean SLP (HadSLP2; Allan and Ansell 2006) and the Global Precipitation Climatology Project 100 (GPCP; Adler et al. 2003) , respectively. Here, GPCP climatology covers a period of 101 which is shorter than the other datasets. 102 It is often useful to define a climate index to concisely quantify atmospheric circulation. An According to Choi et al. (2014) , the NPSH latitude is defined as the latitude where dSLP/dy=0, 113 indicating a location geostrophically consistent with zero zonal wind near the surface. 114 To address the regional asymmetry of the NPSH and its long-term changes, two 115 longitudinally averaged regions were considered across the dateline which is the center of the AL; represented in the figure by shading. In general, except over the continents, the SLP distribution weak equatorward bias is found in E-NPSH, the inter-model spread is substantially large, and 143 the observed location of E-NPSH is within the uncertainty range of the model simulations.
144
It is evident in Fig. 2a that the W-NPSH and E-NPSH latitudes are significantly correlated, 145 with a correlation coefficient of 0.72, indicating a congruency between the upstream and 146 downstream bias in the subtropical high. However, the model-to-model spread of the E-NPSH 147 latitudes is larger than that of W-NPSH latitudes, with standard deviation of the former and latter 148 at 1.52 and 0.97, respectively. In other words, the spread in model bias increases downstream of 149 the Pacific jet where synoptic-scale eddy activity is more prevalent. This is expected from the 150 more vibrant eddy feedback to the mean flow downstream of the North Pacific storm track (e.g.,
151
Chang et al. 2002) . This difference in model bias between the W-NPSH and E-NPSH latitudes 152 is not simply explained by a linear relationship (gray line in Fig. 2a ). This may suggest that the 153 W-NPSH and E-NPSH latitudes are not controlled by exactly the same mechanisms. This spread in the projected changes in E-NPSH latitude is largely consistent with the fact that 207 11 the poleward expansion of the Northern Hemisphere HC is less significant than that of the 208 Southern Hemisphere HC in the future climate (e.g., Lucas et al. 2013).
209
The projected changes in precipitation (Fig. 3b, shading) show a significant increase in high 210 latitudes but a decrease in low latitudes around the axis of maximum precipitation (Fig. 1b ). The 
static stability (θ 500 -θ 850 ) with a correlation coefficient of 0.72 (Fig. 5a ). Only a weak 250 relationship is found between the W-NPSH and the wind shear (u 500 -u 850 ) changes (Fig. 5c ).
251
This result indicates that the inter-model spread in W-NPSH latitude (Fig. 4a) is mainly due to leading to a poleward shift in the westerly jet, as shown in Fig. 7c . They are also related with an 286 enhanced anti-cyclonic circulation over the North Pacific centered at 160°W and 40°N (Fig. 7b) , 287 a pattern that is identical to the difference between the models with E-NPSH-N and E-NPSH-S 288 (see Fig. 6c ). The associated zonal wind changes are weak but qualitatively similar to Fig. 7c,   289 indicating a reduced vertical wind shear in consistent with Fig. 5d . A quasi-barotropic zonal (Fig. 8a) . The 301 magnitude of warming reached 1.2 K/century near the Kuroshio-Oyashio extension region.
302
Although the center of the surface circulation change differs slightly from that shown in Fig. 6c 303 and Fig. 7b , an enhanced anti-cyclonic circulation, corresponding to the PDO-like warming, is 304 also evident (Fig. 8b) . This result verifies that the PDO-like warming in the North Pacific and the 
Summary and Discussion

309
This study assesses large-scale atmospheric circulation change over the North Pacific in a 310 future climate and its uncertainty with implications for the winter precipitation in California.
311
Since California is located at the transitional region between the Pacific storm track and a 312 subtropical dry zone, its precipitation changes are likely controlled by multiple processes (e.g., climate changes at a regional scale, which is often based on MME results, should be considered Table 1 . 
